I. INTRODUCTION
Following the early investigation of Schlichting, 1 plane jets have received significant attention from the turbulence research community. [2] [3] [4] [5] [6] [7] [8] [9] [10] A practical plane jet is produced by a rectangular slot of dimensions w ϫ h, with w ӷ h ͑where w and h are the slot's long and short sides͒ bounded by two parallel plates, known as sidewalls, attached to the slot's short sides. The presence of sidewalls restrict the jet from developing in the direction normal to the short sides, so that the flow develops statistically two dimensionally up to a certain downstream distance, provided that the nozzle aspect ratio, AR͑ϵw / h͒, is sufficiently large. 11 The primary objective of the present work is to investigate the effect of Reynolds numbers on the downstream development of a plane jet. Studies undertaken over many years [12] [13] [14] [15] [16] have shown that the downstream development of a jet depends on the flow at the jet origin, often termed initial conditions. The analytical work of George 12 and experimental assessments on round and plane jets ͑e.g., Refs. 13-16͒ pointed out that their asymptotic states depend on the initial conditions. The initial conditions of a jet are conventionally defined to be the exit Reynolds number ͑Re h ͒, nature of exit lateral profiles of mean velocity and turbulence intensity, aspect ratio ͑AR͒ ͑noncircular jets͒, nozzle-exit geometric profiles, and global density ratio of the jet fluid to ambient fluid. The downstream development of a jet is also dependent on the boundary conditions, e.g., the presence or absence of sidewalls for a plane jet. In our previous work on a plane jet, we have characterized the effects of AR, 11 nozzle geometric profile, 16 and the sidewalls. 17 Some insight into the effects of Re h on a plane jet can be gleaned from the limited investigations reviewed below. However, no detailed assessment of this influence in both the near and far fields is available. The present work aims to fulfill this need.
The influence of Reynolds number on a jet's development is challenging to understand. This is partly because the Reynolds number affects the development of the boundary layer through the nozzle, making it difficult to independently assess jet development and exit boundary layer thickness. Zaman 18 found that the initial turbulence intensity and boundary layer growth of a round jet are functions of jet exit Reynolds number ͑Re d ͒. His work showed that round jets are initially laminar when measured at Re d Ͻ 1.0ϫ 10 5 but become fully turbulent when Re d Ͼ 5.0ϫ 10 5 . Hence Reynolds numbers exerts both a direct influence on the turbulent mixing field by controlling the significance of viscosity and an indirect influence by modifying the initial conditions ͑e.g., boundary layer thickness͒.
It is well known that at sufficiently high Reynolds number, the jet decay and spread rates of round jets are almost independent of Re. 19, 20 However, there is some variation in the reported values of jet exit Reynolds number at which this occurs, suggesting that it depends on initial conditions. In a related review for round jets, Dimotakis 21 concluded that a fully developed turbulent field occurs when Re d Ն 10 4 . The experimental work of Dimotakis et al., 22 which assessed the scalar-mixing fields of round jets at Re d = 2.5ϫ 10 3 Michalke, 26 who found that the growth of instability waves in jet shear layers can be reduced dramatically when the Reynolds number is increased sufficiently.
Oosthuizen 27 measured the flow of a round jet at low Reynolds number and found that both the mean and turbulence fields depend strongly on Re d for Re d Ͻ 10 4 . Bogey and Bailly 28 used large eddy simulations of a transitional round jet ͑1.70ϫ 10 3 Յ Re d Յ 4.0ϫ 10 5 ͒ and showed that as Re d decreases, a jet develops more slowly within the potential core, but more rapidly further downstream. Their round jets achieved self-similarity closer to the exit plane at low values of Re h , a finding, which agrees well with Pitts 29 for turbulent axisymmetric jets measured between 3950Յ Re d Յ 11 880. Moreover, Mi et al. 14 found that the scalar decay rate in the self-similar far field depends strongly on Re d when the jet issues from a smooth contraction, but this dependence becomes much weaker and may be negligible for jets originating from a long pipe, in which the flow is fully turbulent.
Less detail is available for the transition to an asymptotic state for a plane jet. The investigation by Lemieux and Oosthuizen 30 over the range 700Յ Re h Յ 4200 found a significant influence of Re h on the shear stress, jet decay, spreading rates, and mean velocity profiles. While their study concluded that jet properties become invariant of Re h for Re h Ͼ 4200, other investigations have found a different Re h threshold for this invariance. Namar and Ötügen, 31 who measured a high-AR rectangular jet over the range 1000Յ Re h Յ 7000, showed that Re h has significant influence on the mixing field for Re h Յ 7000. Likewise, Everitt and Robbins, 32 whose measurements for a plane jet spanned 1.6ϫ 10 4 Յ Re h Յ 7.5ϫ 10 4 , reported a large spread in velocity decay rates. However, it is not possible to separate the effects of Re h from AR in their investigation since this was also varied between AR= 21 and AR= 128. 11 Klein et al. 33 conducted a direct numerical simulation ͑DNS͒ investigation of a plane jet in the near and transition fields ͑i.e., for x / h Յ 20͒ but for lower ranges of Reynolds numbers, Re h Յ 6000. It is evident that none of these investigations reached the range Re h Ͼ 10 4 identified by Dimotakis 21 for a round jet.
Further insight into the Re dependence of a plane jet is sought by assembling data from previous investigations with closely matched initial conditions. A careful examination, however, reveals significant inconsistencies even for comparable Re h and initial conditions. Figure 1 displays the centerline evolutions of locally normalized turbulence intensity, u c Ј/ U c , reported in literature. Here, u c Ј and U c are the fluctuating and mean components of the centerline velocity. Among these data sets, the closest match is between those of Gutmark and Wygnanski 10 and Heskestad, 7 who measured a plane jet at similar Reynolds numbers but different AR and nozzle contraction profiles, so that they are not directly comparable. The two data sets agree closely within the midfield, i.e., x / h Յ 60, but exhibit some differences in the far field ͑for x / h Ͼ 60͒. Likewise, the results from smoothly contracting nozzles of Gutmark and Wygnanski 10 and Bradbury 8 for relatively high nozzle aspect ratios ͑AR= 39 and 40͒ measured at identical Reynolds numbers ͑Re h = 30 000͒ differ significantly. These differences can probably be attributable to the use of a coflow by Bradbury 8 ͑for a coflow to jet velocity ratio of Ϸ16%͒. The work of Browne et al. 34 and Thomas and Goldschmidt 35 ͑Re h = 7700 and 6000͒ reported measurements at different ARs ͑20 and 44͒, consistent with them exhibiting significant near-field differences. Thomas and Goldschmidt 35 and Namar and Ötügen 31 used similar values of AR and Re h , except that the latter did not employ sidewalls. Likewise, the results of Hussain and Clark, 36 who studied plane jets for Re h = 32 500 and 81 400, show the lowest midfield turbulence intensity despite this value being similar to that of Browne et al. 34 of Re h Ϸ 7700. Also importantly, their midfield turbulence intensity is significantly lower than those of Namar and Ötügen 31 who measured their jet at Re h = 7000. In addition to the differences in initial conditions reported, other possible differences from laboratory to laboratory include surface finish and measurement uncertainties.
Thus the wide range of different operating/experimental conditions used in previous studies makes it impossible to isolate the effect of Reynolds number from those of other variables. It is also clear that systematic measurements of the influence of Re h on a plane jet for Re h Ͼ 7500 are presently not available. We seek to fill these gaps by systematically measuring ͑i͒ the flow field of a plane jet for Re h varying between 1500 and 16 500, issuing from a radially contoured slot of AR= 60 in detail, and ͑ii͒ the centerline velocity decay rate for Re h varying between 4500 and 57 500, issuing from a radially contoured slot of AR= 36 in the same flow facility. Our specific aim is to examine the dependence on Re h of the mean velocity, the root mean square ͑rms͒, and high-order moments of the velocity fluctuation over a greater downstream distance ͑0 Յ x / h Յ 160͒ than has previously been reported. We also aim to relate this dependence to the underlying structures in the flow. 
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II. EXPERIMENT DETAILS
A schematic of the present plane jet facility is shown in Fig. 2 , described in more detail by Deo. 15 Briefly, the facility
consists of an open circuit wind tunnel made from wooden modules with polished inner surfaces. The tunnel is mounted to the roof and driven by a 14.5 kW aerofoil-type centrifugal fan mounted firmly to the floor to minimize vibrations. The tunnel employs a 25°wide-angle diffuser of 2100 mm in length, which expands into a settling chamber. Inside the diffuser are two screens with an open area ratio of Ϸ60% mounted at equal intervals of 600 mm. The screens assist in reducing the velocity defect in the turbulent boundary layer. The settling chamber is 1400 mm long and contains a honeycomb of drinking straws aligned horizontally with the main flow to reduce swirl. Following the honeycomb are three screens, each separated by 150 mm. There is followed by a 600 mm long settling chamber prior to the contraction to reduce turbulence intensity. To further enhance flow uniformity, the wind tunnel contraction has an area ratio of 6:1 and employs a smooth contraction profile based on a third order polynomial curve. A plane nozzle with 12 mm radial contraction profile on its long sides ͓Fig. 2͑a͔͒ was mounted to the tunnel exit. The parallel sidewalls were flushed with the short sides of the slot and aligned along the x-y plane ͓Fig. 2͑b͔͒. The sidewalls extended 2000 mm downstream and 1800 mm vertically and were secured tightly by bolts to the ceiling to avoid vibrations. The slot height ͑h͒, aligned with the lateral direction ͑y-plane͒ of the nozzle, was fixed at 5.60 mm. The slot span ͑w͒, aligned along the z-direction, was 340 mm to provide a large aspect ratio nozzle of AR= w / h = 60. The fan pressure limited operation to Re h Յ 16 500 for this nozzle. Hence, two other nozzles of AR= 36 were designed, comprised of ͑h , w͒ = ͑10 360͒ and ͑h , w͒ = ͑20 720͒ mm, respectively, providing exit areas of 3600 and 14 400 mm 2 , respectively. The latter allowed the maximum value of Re h of 57 500 to be achieved. For all the cases, the exit radius of curvature is r / h Ն 1.80. This, according to our previous findings, 15, 16 ensures that the exit mean velocity profile of the jet is approximately uniform.
The laboratory, acoustically isolated from external noise, is 18 000 mm long, 7000 mm wide, and 2500 mm high. The distance from the jet exit to the front wall of the room was Ϸ1400h and that between the jet and the ceiling/floor was Ϸ125h. The plane jet was located horizontally at about the midpoint between the floor and ceiling. The ratio of the room height to the nozzle width was Ϸ446. Likewise, the ratio of the cross-sectional room area ͑in the same plane as the nozzle area͒ to the actual nozzle area was Ϸ10 000. Under these conditions, we used a similar model to that proposed by Hussein et al. 20 to assess the loss in streamwise momentum of the jet at different Re h . It was found that, even at x / h = 160 ͑the maximum downstream distance͒, the present jet sustains 99.2% and 99.5% of its initial streamwise momentum for Re h = 1500 and 16 500, respectively. This confirms that the present jet closely resembles a truly unconfined jet. were measured, corresponding to 4500Յ Re h Յ 57 500.
The measurements were performed over the flow region 0 Յ x / h Յ 160 using a single hot-wire anemometer, under isothermal conditions of ambient temperature 20.0°C Ϯ 0.1°C. A custom-built ͑tungsten͒ hot-wire sensor ͑diameter d w =5 m and length l w = 0.8 mm͒ was used, with the overheat ratio of 1.5. The square wave test revealed that the maximum response frequency of the wire was 15 kHz. To avoid aerodynamic interference of the prongs on the hot wire, the present probe was carefully mounted, with prongs parallel to the plane jet. This alignment is appropriate for measurement of the streamwise component of the flow velocity, although it is not possible to eliminate directional ambiguity completely. The single wire probe, if used with caution, encounters reduced errors when compared with dual or triple wires because the adjacent probe can probably influence the measured velocity for the later cases. On the centerline of a plane jet, the cross-steam velocity is very small ͑must be zero on average͒ so that the uncertainty due to directional ambiguity is insignificant.
Calibrations of the hot-wire were conducted using a standard Pitot static tube, connected to hand-held digital manometer, located side by side with the hot-wire probe at jet exit plane ͑where ͗u 2 ͘ 1/2 / U c Ϸ 0.5%͒ prior to and after each set of measurements. Data points were converted from voltages to velocities using a fourth order polynomial curve. Both calibration functions were checked for discrepancies, and the experiment was repeated if the velocity drift exceeded 0.5%. The average accuracy of each calibration function was found to be within Ϯ0.2%. Velocity signals obtained were low pass filtered with an identical cutoff frequency of f c = 9.2 kHz at all measurement locations to eliminate excessively high-frequency noise. Then the voltage signals were offset to within 0-3 V as a precautionary measure to avoid signal clipping 37 and amplified appropriately through the circuits. They were digitized on a personal computer at f s = 18.4 kHz via a 16 channel, 12 bit PC-30F A/D converter with signal input range of 0-5 V. The sampling period was approximately 22 s, during which about 4 ϫ 10 5 data points were collected at each measured location. Using the inaccuracies in calibration and observed scatter in present measurements, the uncertainties are estimated to have a mean error of Ϯ4% at the outer edge of the jet and Ϯ0.8% on the centerline. The errors in the centerline mean velocity, rms velocity, the skewness, and the flatness were found to be approximately Ϯ0.8%, Ϯ1.8%, Ϯ2%, and Ϯ1.5%, respectively. The errors in the momentum integral quantities and jet virtual origins are estimated to be Ϯ3%.
III. RESULTS AND DISCUSSION

A. Characterization of the exit conditions
The exit conditions were characterized by measuring the velocity profiles in each plane jet at x / h = 0.5 along the lateral ͑y͒ direction over the range −0.70Յ y / h Յ 0.70 ͓Figs. 3͑a͒ and 3͑b͔͒. Dependence of the exit flow on Re h is evident. All cases produce an approximately top-hat mean exit velocity profile. However, the extent of uniformity in the profiles differs significantly. As Re h is increased from 1500 to 16 500, the exit velocity profiles become flatter, and the horizontal region of uniformity widens. A consistent trend in the initial turbulence intensity uЈ is evident from Fig. 3͑b͒ . The peak value of uЈ / U b decreases with Re h while the centerline value remains almost constant at about 1.0%. Also, the mean exit velocity profiles for Re h = 10 000 and 16 500 are nearly indistinguishable, although some differences are evident in the peak values of uЈ / U b within the shear layers.
The initial boundary layer characteristics may be estimated from the measurements at x / h = 0.50 ͑the profiles closest to the nozzle͒. The displacement thickness ͑␦ 0.5 ͒, the momentum thickness ͑ 0.5 ͒, and the shape factor ͑H 0.5 = ␦ 0.5 / 0.5 ͒ were calculated approximately from these mean velocity profiles and the momentum integral equations, viz., Table I presents the averages of the above parameters calculated independently on each side of the profile using "best-fit" spline curves and numerically integrating Eqs. ͑1͒ and ͑2͒. Although the measurement resolution is somewhat coarse, clear trends are evident. As Re h is increased from 1500 to 16 500, both ␦ 0.5 and 0.5 decrease from approximately 0.133h to 0.097h and 0.068h to 0.039h, respectively. This agrees qualitatively with other measurements for a round jet 18, 38 and also that for a high-AR rectangular jet. Figure 4 presents the axial variation of centerline mean velocity ͑U c ͒ normalized by the bulk mean velocity at the exit ͑U b ͒ for 1500Յ Re h Յ 16 500 in log-log form. First we consider the near field. It is evident that the length of the potential core, x p , in which U c is constant, exhibits a Re h dependence. This can be seen more clearly in Fig. 5 , which presents the dependence of x p , defined to be the axial location at which U c ͑x͒Ϸ0.98U o,c on Re h . This demonstrates that x p decreases asymptotically with Re h , consistent with previous results for a round jet 39 and for a high-AR rectangular jet. 31 This implies that increasing Re h will increase jet entrainment in the near field. The comparison in Re h = 1500 3000 7000 10000 16500
31
B. The mean velocity field
Re h
͑Color online͒ The evolution of mean centerline velocity ͑U c / U b ͒ for a plane jet with different Re h values.
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Next we return to Fig. 4 to assess the influence of Re h on the far field using the well-known similarity relationship for a plane jet,
This becomes valid from the transition region following the potential core. Here, the constant K u is the slope of ͑U b / U c ͒ 2 , which is a measure of the decay rate of U c , and x 01 is the x-location of the virtual origin of ͑U b / U c ͒ 2 . Although the present data for AR= 60 appear to converge asymptotically, the asymptotic value of convergence cannot be determined from these data because it exceeds 16 500. However, it is evident from the jets from the other two nozzles, w / h = 360/ 10 and 720/20, that K u converges asymptotically for each jet at Re h Ϸ 25 000 ͑Fig. 7͒. However, the jets from the different nozzles do not converge onto the same line due to their different inflow boundary conditions. Figure 7 also reveals a consistent trend that the decay rate of plane jet decreases as Re h is increased. The dependence of x 01 on Re h follows a similar trend to that of K u , although with greater scatter ͑as is typical for this measurement͒. Once again, the data do not collapse onto a single curve due to the differences in initial conditions. Figure 8 presents the lateral profiles of U / U c at selected downstream locations for the AR= 60 jet. Here, the y-coordinate is normalized using the velocity half-width y 0.5 , determined from the location at which U͑x , y͒ = , where U n = U / U c and y n = y / y 0.5 . The influence of Re h on the mean spreading rate of the AR= 60 jet is assessed from the half-width y 0.5 . Figure 9͑a͒ shows that the half-widths vary linearly with x for x / h Ͼ 10 for all the present Reynolds numbers. This linear variation can be represented by
where the slope K y is a nominal measure of the jet spreading rate and x 02 is the virtual origin of jet spread. Figure 9͑b͒ demonstrates that as Re h increases from 1500 to 16 500, K y decreases asymptotically from about 0.14 to 0.09, while x 02 increases from about −3 to 0. This trend of K y is consistent with that of K u ͑Fig. 5͒. Taking them together, we conclude that an increase in Re h leads to the reduced entrainment of the jet in the far field. This is opposite to the near-field trend ͑see Fig. 6͒ , as will be discussed below. Next we consider the local Reynolds number defined by Re y0.5 ϵ 2U c ͑x͒y 0.5 ͑x͒ / . Figure 10͑a͒ shows the streamwise variation of Re y0. 5 for different values of Re h . It is clear that Re y0.5 increases with axial distance for each value of Re h . This occurs because the far-field decay rate of U c is lower than the growth rate of y 0.5 , as is evident from Eqs. ͑3͒ and ͑4͒. Combining Eqs. ͑3͒ and ͑4͒, the local Reynolds number in the self-similar region should vary as
To check relation ͑5͒, we plot in Fig. 10͑b͒ the results of P = 0.25͑Re y 0.5 / Re h ͒ 2 K u K y −2 versus x / h for Re h = 1500, 7000, and 16 500. Good collapse of the data is evident, within experimental uncertainties. That is, Eq. ͑5͒ is approximately valid with x o Ϸ 0. Note that Eq. ͑5͒ appears to work even in the very near field where Eqs. ͑3͒ and ͑4͒ are not valid. We can thus conclude that Re y0.5 increases with the downstream evolution of a plane jet and must eventually become very high no matter how low its initial value is. This is in contrast to the case for the axisymmetric jet or plane wake where the local Reynolds number remains constant in the far field. Also of interest, the opposite occurs in the axisymmetric wake, where the local Reynolds number decreases with increasing x. 40 Note that this increase in Re y0.5 with x / h does not mean that plane jets will eventually converge to the same asymptotic state with axial distance since the dependence of far-field state on Re h has already been described above. It is also interesting to note that at x / h = 160, Re y0.5 reaches the order of 10 5 for Re h = 16 500 but only of 10 4 for Re h = 1500. ‫ء‬ . This results in the near-field peak being overwhelmingly ‫ء‬ . The probable explanation for this apparent discrepancy is that their study did not employ sidewalls, so that their jet exhibits a different behavior, such as axis switching. Our previous investigation 17 has shown that although a high-AR-rectangular nozzle without sidewalls produces a statistically two-dimensional plane-jetlike region, the overall magnitudes of flow statistics are significantly different from those in the same rectangular nozzle with sidewalls. Figures 14 and 15 display the centerline evolutions of the skewness S u ͓ϵ͗u 3 ͘ / ͗u 2 ͘ 3/2 ͔ and flatness F u ͓ϵ͗u 4 ͘ / ͗u 2 ͘ 2 ͔ at the different values of Re h . These provide measures of the symmetry and flatness, respectively, of the probability density function ͑PDF͒ of u. Both S u and F u were estimated from a large data sample ͑Ϸ400 000 data points͒ to achieve the convergence of the PDF. During measurements a voltage offset was applied to the analog-to-digital range of the A/D board to ensure that neither factors were truncated due to clipping of the tails of the PDFs, as can occur for a finite input range of the sampling board. Also note that a higher scattering of the far-field data of S u for Re h = 1500 is due to its relatively low velocity ͑Ͻ1 m/s for x / h Ͼ 70͒ and thus a high uncertainty for this case; the estimation of F u is more accurate than that of S u since F u ӷ ͉S u ͉, and generally S u is small. Both factors vary dramatically in the near-field region ͑x / h Յ 30͒, presumably owing to the dominance of largescale coherent motions in the near-field region. Moving downstream from the exit, both S u and F u increase from nearly Gaussian values of ͑0, 3͒ to highly non-Gaussian local maxima in the vicinity of the end of the potential core. This local maximum in S u occurs between 4 Յ x / h Յ 12 ͑indicated by arrows on the plot͒ while that for F u occurs around 5 Յ x / h Յ 10 ͑Fig. 15͒. They then decrease to a local minimum before increasing gradually to their asymptotic values by 30Յ x / h Յ 40. In general, as Re h increases, the near-field maxima increase, and their x-locations translate upstream. The latter is consistent with the shortening of x p ͑Fig. 5͒, increased near-field entrainment ͑Fig. 6͒, and a reduction in x max ͑Fig. 12͒. More coherent motions in the shear layers are evidenced by less random fluctuations, i.e., by more departure of the PDF from the Gaussian distribution and of S u and F u from the values of 0 and 3, respectively. In addition, Figs Figure 16 illustrates the present results, together with that of Antonia et al. 42 for Re h = 22 000. As is well known, accurate dissipation measurements require full spatial and temporal resolutions of the smallest-scale fluctuation in velocity. 43, 44 Estimation of the Kolmogorov frequency f K ͑corresponding to the smallestscale fluctuation͒ based on the iterative scheme developed by Mi et al. 45 suggests that the present measurements ͑low-pass cutoff at 9.2 kHz͒ can resolve the smallest-scale fluctuations of u at x / h Ն 0, 20, and 70 for Re h = 1500, 3000, and 7000, respectively, but cannot do so for Re h = 10 000 and 16 500 within the measured range of x / h. Accordingly the present data of and shown in Fig. 17 are only for Re h = 1500, 3000, and 7000. 
C. The fluctuating velocity field
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The influence of Reynolds number on a plane jet Phys. Fluids 20, 075108 ͑2008͒ also on other initial and/or boundary conditions, so that its value for Re h = 22 000 estimated from the measurements of Antonia et al. 42 is higher than that deduced from the present trend. Note that the impact of C on the Re h dependence of the dissipation rate is relatively small. This can be seen in the alternative form of Eq. ͑6͒, i.e.,
That is, increases cubically ͑i.e., at a rate much higher than that of decrease of C ͒ as Re h ͑or U b ͒ increases. For example, when Re h is increased from 1500 to 7000, rises by approximately 4100% while C reduces by only 144%. The dependence of on x / h is shown in Fig. 17͑b͒ for constant values of Re h . The good agreement with Eq. ͑8͒ confirms that the data are well resolved for these Re h . Figure 18 assesses those data, both from the present measurement and past investigations that do not adequately resolve the smallest scales of turbulence. This is done by scaling the data according to Eq. ͑6͒. The departure of our data from the scaling by ͑x / h͒ −5/2 is evident for Re h = 10 000 and 16 500, as discussed above, consistent with the strong dependence of on Re h ͓Fig. 17͑b͔͒. Figure 18 also shows that the results of reported in Refs. 7 and 10 for Re h = 36 000 and 30 000, respectively, also do not resolve the smallest scales of turbulence. Both of these studies had a too poor frequency response for adequate resolution of .
IV. FURTHER DISCUSSION
It is evident that the statistical properties of the streamwise velocity field of plane jets depend strongly on Re h up to the asymptotic value, both in the near field and the far field, with nonidentical states of self-similarity. To provide some explanations, we examine the Re dependence of the power spectra of u and use these to assess the underlying coherent structures at different values of Re h .
A. Spectral results of different Reynolds numbers
The existence of large-scale coherent structures in the near field of a turbulent plane jet has been well demonstrated by previous studies.
6,46-49 These near-field structures can occur symmetrically or antisymmetrically with respect to the jet centerline, termed the "symmetric mode" and "antisymmetric mode," respectively. As revealed by Sato, 6 Rockwell and Niccolls, 48 and Thomas and Goldschmidt, 49 the symmetric mode occurs in a jet issuing from a smooth contraction nozzle, whose exit mean velocity is nearly uniform or in a "top-hat" shaped profile. The long channel or pipe nozzle produces a power-law profile of the exit mean velocity and leads to the initial dominance of antisymmetric modes for the jet. 50 The presence of these structures can be detected in Re h =1,500 3,000 7,000 22000 [53] 0.9 power spectra of the fluctuating velocity ͑⌽ u ͒. Figure 19 presents the centerline evolution of ⌽ u from x / h =1 to x / h = 10, where ⌽ u is defined in ͗u 2 ͘ = ͐ 0 ϱ ⌽ u df and the normalized frequency is f ‫ء‬ = fh / U b . Figure 19͑f͒ illustrates schematically how the peak values of ⌽ u can be used to assess whether the symmetric and/or antisymmetric modes are dominant. This is based on previous observations 6 that the passage frequency of the primary vortices detected by the probe on the centerline should be lower for the antisymmetric mode than for the symmetric mode. In this context, it is important to note that the values of f ‫ء‬ obtained on and off the centerline are identical, so that we present only the centerline data here. Figure 19 demonstrates that, very close to the nozzle at x / h Յ 1, no fundamental ͑or dominant͒ peaks in ⌽ u can be identified in the range 0.1Յ f ‫ء‬ Յ 0.3, indicating that this is upstream from the location where primary vortices form. Further downstream at x / h Ն 2, such peaks are present, demonstrating that these vortices are present within the shear layers and are thus detected by the probe on the centerline. 
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is bimodal over the range 0.1Յ f ‫ء‬ Յ 0.3, whereas for Re h Յ 10 000, it is broadly unimodal at f ‫ء‬ Ϸ 0.22. It is hence deduced that both modes occur for Re h Յ 7000 and that their relative importance varies with Re h . For Re h = 1500, the antisymmetric mode appears to dominate the near field from x / h = 1 to 5. Further downstream at x / h = 8 and 10, the pairing of primary vortices occurs, and the peak in ⌽ u shifts to lower frequencies ͓Fig. 19͑a͔͒. That the first shift in f ‫ء‬ for the Re h Յ 7500 is due to a transition between the mode type rather than vortex pairing can be deduced from the finding that this transition does not occur for Re h Ն 10 000. Further downstream, the primary vortices break down and less coherent structures develop. It is deduced below that these farfield structures take the antisymmetric mode.
For Re h Ͻ 10 000, the near-field, streamwise evolution of ⌽ u suggests that the symmetric mode becomes increasingly important over the range x / h Յ 8 as Re h is increased. That is, although both modes of the primary vortical structures coexist in the near field, the symmetric mode becomes overwhelmingly prevailing as Re h is increased. This differs from the finding of Sato. 6 He concluded that the symmetric and antisymmetric modes occur, respectively, in plane jets with uniform profiles ͑from a smooth contraction͒ and parabolic profiles ͑from a long channel͒ of the exit mean velocity. One reason for this apparent discrepancy may be that Sato 6 did not use sidewalls for his plane jets. It is also possible that his smooth contraction produced more uniform exit velocity profiles than the present nozzles.
The jets of Re h = 10 000 and 16 500 have highly uniform exit velocity profiles ͑see Fig. 3͒ . Under these circumstances the primary vortices in the two mixing layers are expected to solely exhibit the symmetric mode. This is indeed the case, as reflected by a significant single broad peak in ⌽ u at f ‫ء‬ Ϸ 0.22 for all cases other than a weak secondary peak at x / h = 2. Moreover it is important to note that the distributions of ⌽ u are quite similar at all the x locations in the two jets, suggesting the statistical similarity of their near-field underlying structures. It also demonstrates that no vortex pairing occurs for these jets. Now we examine the far-field u-spectra ⌽ u and their centerline evolution. Figures 21͑a͒-21͑d͒ present the far-field data of ⌽ u obtained at x / h = 20, 40, and 80 on the centerline in the form of f⌽ u versus log͑fy 0.5 / U c ͒ to identify the peak of ⌽ u due to the presence of the far-field coherent structures and their quasiperiodic passage. 50 Note that the results for Re h = 1500 were not reliable due to too few data points of ⌽ u at low frequencies ͑f ‫ء‬ Ͻ 0.1͒ even for x / h = 20 and are thus not reported here. Note that this corresponds to the product of a local Strouhal number and the frequency, in contrast to the exit Strouhal number reported earlier. It is evident that the spectral peak of the turbulent kinetic energy is centered around f p ‫ء‬ = f p y 0.5 / U c Ϸ 0.1 to 0.22 ͑depending on Re h ͒. We also estimated the results of ⌽ u at y 0.5 from measurements of u across the jets. Figure 22 shows the results for Re h = 16 500. It is demonstrated by the dashed lines of Figs. 21͑c͒ and 22 that the value of f p ‫ء‬ for y = y 0.5 is about a half of the centerline value. This is consistent with previous findings that the far-field vortex structures are antisymmetrically located on either side of the centerline of a plane jet, [50] [51] [52] [53] so that the local structural frequency recorded on the centerline should be twice that obtained at y = y 0.5 or beyond. The same finding was also observed by Thomas and Prakash. 50 It follows that the local passage normalized frequency of the vortical structures should be ͓f p ‫ء‬ ͔ true = 0.5͓f p ‫ء‬ ͔ CL . Figure 23 and Goldschmidt 52 that ͓f p * ͔ true ͑Ϸ0.11͒ is independent of the Reynolds number in the range of their investigation, i.e., Re h = 7900-15 100 ͑see Fig. 23͒ . The suggestion of these authors that the apparent "flapping" is a universal feature of the plane jet, i.e., caused by a bulk displacement of the mean velocity profile, is also ruled out by, e.g., Antonia et al. 51 The flapping is actually associated with the quasiperiodic passage of the far-field coherent structures.
B. Interpretation of differences in statistical properties due to varying Re h
It is evident from the above analysis that, in the nearfield region, the arrays of the vortical structures in the mixing layers on either side of the Re h = 1500 jet can exhibit either the symmetrical or the antisymmetrical modes of motion ͑and growth͒ with respect to the centerline. As Re h is increased, the symmetric mode becomes more predominant, as evidenced by a higher passage rate of primary structures ͑St sym Ͼ St ant , see Fig. 20͒ . This change in mode is associated with an increase in near-field spread and entrainment, as evi- [50]
[52]
[51] 
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denced by the reduction in potential core length with increasing Re h ͑Figs. 4-6͒. It therefore implies that the symmetric mode is more effective at entrainment in the near field than is the antisymmetric mode. This change in dominant mode type can also explain why the local maximum ͑u c,max ‫ء‬ ͒ of the turbulence intensity u c ‫ء‬ = u c Ј/ U c decreases significantly with increased Re h since the antisymmetric mode can be expected to cause higher centerline fluctuations, whereas its x-location ͑x max ‫ء‬ ͒ shifts upstream ͑see Fig. 12͒ , since this peak is associated with the end of the potential core, being caused by the collision of the vortices on either side of the layer. This also can explain the Re-dependent discrepancies of variations of the near-field skewness and flatness factors of u ͑see Figs. 14 and 15͒. Furthermore, for Re h Ն 10 000, the asymmetric mode is no longer present, as evidenced by the Strouhal number St sym being nearly independent of Re h ͑see Fig. 20͒ . Importantly, this is associated with no obvious Re-dependent differences in the various statistical properties being observed for Re h Ն 10 000. 54 Next we seek an explanation for why the trends in the influence of Re h in the near-field and far-field rates of spread and decay are opposite. The investigation of Antonia et al. 51 ͑and others͒ reveals that the far-field coherent structures are established at a location well downstream from the nominal merging point of the mixing layers but upstream from the onset of self-preservation. This was observed for a jet with Re h Ϸ 7700, where the symmetric mode can be expected to dominate. It is possible that the interaction of symmetrical primary structures from the opposite mixing layers results in their own destruction when they collide near to the end of the potential core, which would require new structures to form further downstream. Since the antisymmetric mode is prevalent in the far field, this can also explain why the modes are different in the near and far fields. However, such destruction is less likely to occur for the antisymmetric mode. Furthermore, the antisymmetric mode can propagate directly into the far field, without losing as much vortical energy in the merging process of the two layers, explaining why the farfield spreading rate is higher for jets with an initially antisymmetric mode. The good match of near-field and far-field Strouhal numbers gives further support that this direct propagation at low Re h is possible.
We also note from Fig. 23 that the scaling passage frequency of the far-field structures increases with Re h . This implies that the effect of Re h on the far-field organized motion is not negligible, in contrast to the constant value of ͓f p * ͔ true reported earlier. 52 Significantly, for a fixed value of Re h , the dimensionless ͓f p * ͔ true is approximately constant in the self-similar region ͑of the mean velocity͒, i.e., independent of x. This means that the frequency ͑f p ͒ associated with the passage of coherent structures decreases with downstream distance ͑x͒ as f p ϳ x −1.5 , as derived from the observed relations U c ϳ x −1/2 ͑Fig. 4͒ and y 0.5 ϳ x ͑Fig. 9͒. Likewise their scale varies directly with x. Antonia et al. 51 estimated their size by integrating the maximum coherence between the lateral fluctuations of velocity in the y-direction and obtained that the streamwise extent of the structures is at least two to three times as large as the lateral ͑Ϸy 0.5 ͒ and spanwise ͑Ϸ0.7y 0.5 ͒ extents. This suggests that the sizes of the far-field structures decrease with increasing Re h . Nevertheless, it is recognized that the present spectral measurements are not sufficient to fully explain the Re h dependence of the jets, and further work is required to confirm these deductions.
V. CONCLUSIONS
Previous experimental studies of a plane jet were confined to the high Reynolds number regime ͑Re h Ն 10 000͒ and mostly limited to a single Reynolds number, each with different initial and/or boundary conditions. Only the works of Namar and Ötügen 31 and Lemieux and Oosthuizen 30 offered a systematic investigation of Re h . However, Namar and Ötügen's 31 jets were not constrained by sidewalls and did not extend into the asymptotic regime ͑1000Յ Re h Յ 7000͒, while that of Lemieux and Oosthuizen 30 spanned an even more limited range, 700Յ Re h Յ 4200. The recent DNS of a plane jet by Klein et al. 33 was similarly limited in their range of Reynolds number Re h Յ 6000 and axial extent x / h Յ 20. Accordingly, the effects of Reynolds number on a twodimensional plane jet cannot be adequately assessed from the existing literature.
The present measurements have found the present plane jet to depend on Re h over the range Re h Յ 25 000. Within this range, changes within both the near and far fields are found in the mean velocity decay rate and half-width, and in the evolution of turbulence intensity and skewness and flatness factors of the fluctuating velocity ͑u͒. These changes are associated with differences in the exit velocity profiles and in the frequency spectra, implying different behaviors of the underlying coherent structures. More specifically, the main findings of the influences of Re h over this range are summarized as follows.
͑1͒
The details of exit flows, measured at x / h = 0.5, depend on Re h , although the mean velocity profiles closely approximate a top hat in each case. The lateral extent of uniform flow widens, and the thickness of exit boundary layer decreases as Re h is increased. This is associated with a reduction in the turbulence intensity profiles there. These differences decrease asymptotically to become small, but not insignificant, for Re h = 10 000. ͑2͒ An increase in Re h causes the length of the potential core to decrease and the near-field spreading rate to increase. It also causes a decrease in the magnitude of the near-field hump in the streamwise distribution of turbulence intensity, u c,max Ј , and also in its axial location from x c,max Ϸ 18h to 10h. ͑3͒ Over the range 1500Յ Re h Ͻ 10 000, the near-field, primary coherent structures are found by spectral analysis to occur bimodally in both the symmetric and antisymmetric modes with respect to the jet centerline. While the symmetric mode dominates at Re h = 1500, the prevalence of the antisymmetric mode increases with Re h to become dominant at Re h Ն 10 000. The corresponding Strouhal numbers are found to increase slightly, but discernibly, with increasing Re h . It is found that the symmetric mode results in higher rates of near-field entrainment and growth than does the antisymmetric mode.
͑4͒ Secondary coherent structures are present in the far field and their passage frequency ͑f p ͒ follows the relation f p ϳ x −1.5 , as shown in previous studies. The characteristic size of these structures thus obeys the requirement for self-preservation. It is the new finding of the present work that the local Strouhal number St= f p y 0.5 / U c varies between 0.05 and 0.11 when Re h is varied from 1500 to 16 500 ͑Fig. 23͒. This finding differs from the previous claim that St= 0.11 independent of the magnitude of Re h .
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͑5͒
The far-field rates of mean velocity decay and spread exhibit the opposite dependence on Re h to the near field. That is, they decrease asymptotically as Re h is increased. Their rates of asymptotic convergence are comparable with that in the near field. ͑6͒ The underlying structure in the far field is confirmed to be in the antisymmetric mode, as found previously. [50] [51] [52] It is hypothesized that the opposite trend in spreading rates in the near and far field ͑above͒ may be caused by the cancellation of much more of the coherent motions for the symmetric mode than for the antisymmetric mode when the coherent motions collide near the end of the potential core. That is, some of the near-field antisymmetric vortices can propagate directly into the far field, while the symmetric vortices largely cancel and must re-establish in the antisymmetric mode. ͑7͒ The local Reynolds number, Re y0.5 ϵ 2U c y 0.5 / , is found to increase with downstream distance as Re y0.5 ϳ x 1/2 , for all cases of investigation, and this scaling begins almost immediately downstream from the end of the potential core. This implies that all jets must eventually attain a high Re y0.5 no matter how low is the initial Re h . Nevertheless, each jet converges to a different asymptotic state. ͑8͒ In the self-similar field, the asymptotic value of streamwise turbulence intensity increases with an increase in Re h , as do the asymptotic values of the skewness and flatness factors. ͑9͒ For Re h Ն 1500, both self-preserving relations of the kinetic energy dissipation ͑͒ and Kolmogorov scale ͑͒, i.e., ϳ Re h 3 ͑x / h͒ −5/2 and ϳ Re h −3/4 ͑x / h͒ 5/8 , become valid from x / h = 20, a location, which is significantly closer to the jet exit than those required for achieving the asymptotic values of the turbulence intensity, the skewness, and flatness factors of u.
